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Motivation

Main target: Electronic Schrödinger equation for many-electron systems (molecules)

Main ansatz for wavefunctions:
<latexit sha1_base64="M28dfnsGMGibGs8+18Fo8Of3PCw="></latexit>

eT̂ | refi

Main issue: lengthy expressions 

<latexit sha1_base64="R6mz2BTnkS0yEjgd09NIUtT0X84="></latexit>�
T̂e + V̂ne + V̂ee

�
| ei = | eiEe

Main formalism: Second quantization
<latexit sha1_base64="8Q8C6R0lW7pgQIpEZCqOSjdlIr0="></latexit>

V̂ee =
1

4

X

pqrs

gqspr âpârâsâq
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Generalized Contraction Code (GeCCo)

Text art by Mathias Pabst

Public version at github.com/ak-ustutt/GeCCo-public

Disclaimer: Pure development code with (unfortunately) 
bad documentation and a lot of hot-fixes 🥵

Mainly stand-alone code, integrals from Dalton, Molpro (and 
everything that provides a FCIDUMP file)

Originally intended for: General-order CC (with selection)

But then used for: Explicitly-correlated CC 

And more lately:  Multireference CC 

Contributors:

Gareth Richings
Matthias Hanauer
Pradipta Samantha
Yuri Aoto
Arne Bargholz
Josh Black

First git log message: Thu Mar 15 12:40:33 2007 +0100

Designed based on ideas gathered from Jeppe Olsen’s LUCIA code
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formula 1operator A

operator B

formula 2

matrix element list A

integrals

matrix element list B

matrix element list C

operator C

optimized formula
contraction program

contraction kernel

solvers for
EVP, LEQ, 

nLEQ

import

expand products

symbolic manipulation

post-processing

symbolic algebra

numerical part

allocation

information 
(size, symmetry)

driver

store results

Organization of GeCCo – basic idea
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Generating equations: Basic objects

a, b, …

u, v, …

i, j, …

<latexit sha1_base64="6Kqkgg2gwoo4bA1zCTM8Q2w4tu0="></latexit>

T̂2 =
X

i,u,a>b

tiuab{âaâbâuâi} name: T2  

occupation: (0,2,0;1,0,1) or  “PP;HV”

Representation of operators:
particle 

(P)

hole 
(H)

valence 
(V)

creations annihilations

H  P  V H  P  V

<latexit sha1_base64="MoQ3nyPR75+WpVo8kvINxOBz+IU="></latexit>

Ĥ :
<latexit sha1_base64="NvJCBsAyjUsUZLw6FAIB4HBCrRk="></latexit>

Ei = h0|Ĥ|0i
name: H  
occupation: (0,0,0;0,0,0) or  “;”

<latexit sha1_base64="3mKJPlHIiWRpYdOxx9mfUuE+8fk="></latexit>X

i,j

f j
i {â

iâj} occupation: (1,0,0;1,0,0) or  “H;H”

<latexit sha1_base64="Xdep0oa+anUkcknmXTbcFTxLuEc="></latexit> X

i>j,u,a

gauij {âiâj âuâa} occupation: (2,0,0;0,1,1) or  “HH;PV”

<latexit sha1_base64="d3FhD0kew8C+Q8NjsbrjnjCJkYM="></latexit>. . .

<latexit sha1_base64="d3FhD0kew8C+Q8NjsbrjnjCJkYM="></latexit>. . .

<latexit sha1_base64="d3FhD0kew8C+Q8NjsbrjnjCJkYM="></latexit>. . .

<latexit sha1_base64="d3FhD0kew8C+Q8NjsbrjnjCJkYM="></latexit>. . .
“blocks”

inspiration: LUCIA (J. Olsen) 
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Generating equations: Basic objects

a, b, …

u, v, …

i, j, …

name: C0  
occupation: (0,0,4;0,0,0) or  “VVVV;”

Representation of multiconfigurational state:
(P)

(H)

(V)

<latexit sha1_base64="KQHGKBZJC7pDPnm1s+xG7LrXWzk="></latexit>

| 0i =
X

tuvw

C(0)
tuvw{âtâuâvâw}|0i

<latexit sha1_base64="0lGNvS7UdSvASf5PxG7I9T7pyTc="></latexit>

h 0| =
X

tuvw

h0|{âwâbâuât}C(0)
tuvw address as: C0^+  

occupation (transposed): 
                   (0,0,0;0,0,4) or  “;VVVV”

Representation of density matrices:
<latexit sha1_base64="cIIJB0asmdpYylgq956BSEDDFMQ="></latexit>

�tuv
t0u0v0 = h 0|{âtâuâvâv0 âu0 ât0}| 0i

<latexit sha1_base64="q5aHCsHBRP5sOCzdYdH6vlnA15s="></latexit>

= �h 0|{âv0 âu0 ât0 â
tâuâv}| 0i occupation: 

    (0,0,0;0,0,3|0,0,3;0,0,0)
        or  “;VVV|VVV;”

”double-vertex repr.” (see later)
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Generating equations: Operator products

Binary product:

(1,1,0;0,2,0) (0,3,0;2,1,0)

A B C

A (0,0,0;0,0,0) (1,0,0;0,2,0) (0,1,0;0,0,0)

B (0,2,0;1,0,0) (0,0,0;0,0,0) (0,1,0;1,0,1)

represent as

Unique rep. for all topologically 
equivalent contractions (diagrams)
(related to adjacency matrix)

Contraction matrix

Wick
<latexit sha1_base64="bUiKooxGynLPR+UZevQDAHiHhmM="></latexit>

Acd
ia{âiâaâdâc}B

jkt
efg{â

eâf âgâtâkâj} =

(0,2,0;1,0,1)

<latexit sha1_base64="y7atIsyrLD/giGjc3suYknS4Nuk="></latexit>. . .

<latexit sha1_base64="y7atIsyrLD/giGjc3suYknS4Nuk="></latexit>. . .

<latexit sha1_base64="xI2yzL02bIlB4HubIBkwW4CjS+8="></latexit>

(C0)
jkcdt
iaefg{â

iâaâdâcâ
eâf âgâtâkâj}+

<latexit sha1_base64="2SgT+p1fCZ/FGs/mRL5OG42uU2Y="></latexit>

(C1,1)
jkdt
iafg{â

iâaâdâcâ
eâf âgâtâkâj}+

<latexit sha1_base64="3t9ns0ZjrUzM3vOvGZXqpjXINs0="></latexit>

(C3,1)
jt
ag{âiâaâdâcâeâf âgâtâkâj}+

<latexit sha1_base64="/iEIpSipCPTtaZhOc2yJlQHivl4="></latexit>

[A]
<latexit sha1_base64="FEG9rbud1/9Wn6KJe9dYm+gDkkg="></latexit>

[B]

<latexit sha1_base64="xL7814I7R4J+48l5r8gxUx5WZBI="></latexit>

[A] = [A]c + [A]0
<latexit sha1_base64="qdW63jYCPGr7c6ZTXj4PJYwbygg="></latexit>

[B] = [B]c + [B]0

<latexit sha1_base64="Epsyq+S4Ix0A0Mv1CiNV5jGjGRM="></latexit>

[B]c = [A†]c
<latexit sha1_base64="+870A5LiT98CRHHSw81bBQiUCKY="></latexit>

[C] = [A]0 + [B]0

No sign determination at this point
Formalism:

inspiration: LUCIA (J. Olsen) and 
M. Kállay’s publication on CC eq.s
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Generating equations: Operator products

A1 A2 … An R

A1 [A1]1 [A1]2 … [A1]n [A1]0

A2 [A2]1 [A2]2 … [A2]n [A2]0

… … … … … …

An [An]1 [An]2 … [An]n [An]0

General product of n operators:

Recursive algorithm to determine all possibilities (for given result occupation)
Most frequent case: (0,0,0;0,0,0) (i.e. scalar result, “closed diagrams”) 

Store result as sequence of contraction matrices (= “formula”)
( + info on num. prefactor)

R’

[A1]0’

[A2]0’

…

[An]0’

<latexit sha1_base64="WTwDj/zZhfcj53NLeTA6BRjL1xs="></latexit>

�ib
aj  

X

ck

�cb
kjt

ik
ac

> 1 result vertex, if no reordering 
desired, e.g. for densities:
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Generating equations: Symbolic manipulations

Typical strategy: 
Define method via stationary energy functional 

<latexit sha1_base64="z2zTQVFYkYq5ko1AfI7YfnOucMM="></latexit>

L = h�0|(1 + ⇤̂)e�T̂
Ĥe

T̂ |�0i

Get working equations as formal derivatives

<latexit sha1_base64="Z61viSO6MdQmYngE1kvMiFQQsf0="></latexit>

@

@�⇢
L = h�0|⌧̂ †⇢e�T̂

Ĥe
T̂ |�0i

<latexit sha1_base64="QXWiM8hZ3hHkrdLgw/rjxAvlvAE="></latexit>

@

@t⇢
L = h�0|(1 + ⇤̂)[e�T̂

Ĥe
T̂
, ⌧̂⇢]|�0i

LAM H T L

LAM (0,0,0;0,0,0) (0,0,0;0,1,0) (1,0,0;0,0,0) (0,0,0;0,0,0)

H (0,1,0;0,0,0) (0,0,0;0,0,0) (1,0,0;0,2,0) (0,0,0;0,0,0)

T (0,0,0;1,0,0) (0,2,0;1,0,0) (0,0,0;0,0,0) (0,0,0;0,0,0)

H T OMG

H (0,0,0;0,0,0) (1,0,0;0,2,0) (0,1,0;0,0,0)

T (0,2,0;1,0,0) (0,0,0;0,0,0) (0,0,0;1,0,0)

LAM H JT

LAM (0,0,0;0,0,0) (0,0,0;0,1,0) (1,0,0;0,0,0)

H (0,1,0;0,0,0) (0,0,0;0,0,0) (1,0,0;0,2,0)

Example term:
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Generating equations: Further manipulations

• Factor out

• Expand

• Transpose

• Sum up

<latexit sha1_base64="qgdOGjW82WXcbfILvK4eKeEJpdU="></latexit>

I = H +HT
<latexit sha1_base64="7SuvsM7jTuDeVK5HGUw54DlTUUg="></latexit>

R = LH + LHT
<latexit sha1_base64="JoAAKfmyVd7sbbyF8Orf43NY160="></latexit>

R = LI

<latexit sha1_base64="qgdOGjW82WXcbfILvK4eKeEJpdU="></latexit>

I = H +HT
<latexit sha1_base64="7SuvsM7jTuDeVK5HGUw54DlTUUg="></latexit>

R = LH + LHT
<latexit sha1_base64="JoAAKfmyVd7sbbyF8Orf43NY160="></latexit>

R = LI

<latexit sha1_base64="kxl0WhAO0SEsNl1yhBhNp/JOIQE="></latexit>

T
†
H + T

†
HT

<latexit sha1_base64="lwv8p0j7jytd7hQX8ar8CMkRAao="></latexit>

HT + T
†
HT

<latexit sha1_base64="adTKfRulVWUz0x2JL0aR+T2CSJo="></latexit>

HT + T
†
HT � T

†
H � T

†
HT

<latexit sha1_base64="MyE0R5u7pj0BosFWuj9SE1VYqn8="></latexit>

HT � T
†
H
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Generating equations: Input language
make inspired work-flow driver:

define targets, dependencies, rules (= command sequences)

V0: hard-coded

V1: simple self-written parser

V2: use Python as input parser (allow additional logic)

V2a: Python-based parsing of equation strings

Note: Python parsing only at initial input read-in

Conversion to input for Fortran, actual program is purely 
Fortan90 (and sometimes beyond)

define operator A
define operator B

define operator C

define formula X

define formula Y

solve X(A, B) = 0

evaluate Y(A,C)

load C
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Generating equations: Input language example
# Operators --------------------------------------
new_target('CCD_OPS')
DEF_SCALAR({LABEL:'LCCD'})
DEF_SCALAR({LABEL:'ECCD'})
DEF_EXCITATION({LABEL:'T2',MIN_RANK:2,MAX_RANK:2})
CLONE_OPERATOR({LABEL:'O2',TEMPLATE:'T2'})
CLONE_OPERATOR({LABEL:'L2',TEMPLATE:'T2',ADJOINT:True})

# CC Lagrangian ----------------------------------
new_target('CCD_LAG')
depend('H')
depend('CCD_OPS')
form_l1 = stf.Formula("CCD_LAG:LCCD=<H+[H,T2]>")
form_l1.append("<L2*(H+[H,T2]+0.5*[[H,T2],T2])>")
form_l1.set_rule()
PRINT_FORMULA({LABEL:'CCD_LAG',MODE:'SHORT'})

<latexit sha1_base64="6xq6OdjbZmBsux8L/Y68xnD5O0k="></latexit>

T̂2

<latexit sha1_base64="W8TOxSebgPgm1sjPIkGlBUqpTqM="></latexit>

⇤̂2

<latexit sha1_base64="TaPIeZbvL65/Thj9vNrxqKyRACo="></latexit>

⌦2 = h�0|âijabH̄|�0i

<latexit sha1_base64="XcMrgSujH5EQI+dhPPBuhh19cII="></latexit>

L = h�0|(1 + ⇤̂2)e
.T̂2Ĥe

T̂2 |�0i
<latexit sha1_base64="EXzRF/pCGa7G1xpA5rRhAaBNhfA="></latexit>

= h�0|Ĥ + [Ĥ, T̂2]|�0i
<latexit sha1_base64="VlPfLhyK4ygrPa1GQ/sbjB467jw="></latexit>

+h�0|⇤̂2(Ĥ + [Ĥ, T̂2] +
1

2
[[Ĥ, T̂2], T̂2])|�0i



13

Generating equations: Input language example
# Operators --------------------------------------
new_target('CCD_OPS')
DEF_SCALAR({LABEL:'LCCD'})
DEF_SCALAR({LABEL:'ECCD'})
DEF_EXCITATION({LABEL:'T2',MIN_RANK:2,MAX_RANK:2})
CLONE_OPERATOR({LABEL:'O2',TEMPLATE:'T2'})
CLONE_OPERATOR({LABEL:'L2',TEMPLATE:'T2',ADJOINT:True})

# CC Lagrangian ----------------------------------
new_target('CCD_LAG')
depend('H')
depend('CCD_OPS')
form_l1 = stf.Formula("CCD_LAG:LCCD=<H+[H,T2]>")
form_l1.append("<L2*(H+[H,T2]+0.5*[[H,T2],T2])>")
form_l1.set_rule()
PRINT_FORMULA({LABEL:'CCD_LAG',MODE:'SHORT'})

# CC E and Residual -------------------------------
new_target('CCD_E_R')
depend('CCD_LAG')

DERIVATIVE({LABEL_RES:'CCD_R',LABEL_IN:'CCD_LAG',
OP_RES:'O2',OP_DERIV:'L2'})

INVARIANT({LABEL_RES:'CCD_E',LABEL_IN:'CCD_LAG',
OP_RES:'ECCD',OPERATORS:['L2']})

<latexit sha1_base64="6xq6OdjbZmBsux8L/Y68xnD5O0k="></latexit>

T̂2

<latexit sha1_base64="W8TOxSebgPgm1sjPIkGlBUqpTqM="></latexit>

⇤̂2

<latexit sha1_base64="TaPIeZbvL65/Thj9vNrxqKyRACo="></latexit>

⌦2 = h�0|âijabH̄|�0i

<latexit sha1_base64="XcMrgSujH5EQI+dhPPBuhh19cII="></latexit>

L = h�0|(1 + ⇤̂2)e
.T̂2Ĥe

T̂2 |�0i
<latexit sha1_base64="EXzRF/pCGa7G1xpA5rRhAaBNhfA="></latexit>

= h�0|Ĥ + [Ĥ, T̂2]|�0i
<latexit sha1_base64="VlPfLhyK4ygrPa1GQ/sbjB467jw="></latexit>

+h�0|⇤̂2(Ĥ + [Ĥ, T̂2] +
1

2
[[Ĥ, T̂2], T̂2])|�0i

1 LCCD(1) <- 1.000000 H(1)
2 LCCD(1) <- 1.000000 H(8) T2(1) [1,2,HH,PP]
3 LCCD(1) <- 1.000000 L2(1) H(12) [1,2,HH,PP]
4 LCCD(1) <- 1.000000 L2(1) H(2) T2(1) [1,2,H,][1,3,H,PP][2,3,H,]
5 LCCD(1) <- 1.000000 L2(1) H(5) T2(1) [1,2,,P][1,3,HH,P][2,3,,P]
6 LCCD(1) <- 1.000000 L2(1) H(6) T2(1) [1,2,HH,][1,3,,PP][2,3,HH,]
7 LCCD(1) <- 1.000000 L2(1) H(10) T2(1) [1,2,H,P][1,3,H,P][2,3,H,P]
8 LCCD(1) <- 1.000000 L2(1) H(14) T2(1) [1,2,,PP][1,3,HH,][2,3,,PP]
9 LCCD(1) <- 1.000000 L2(1) H(8) T2(1) T2(1) [1,3,H,][2,3,H,PP][1,4,H,PP][2,4,H,]

10 LCCD(1) <- 1.000000 L2(1) H(8) T2(1) T2(1) [1,3,HH,][2,3,,PP][1,4,,PP][2,4,HH,]
11 LCCD(1) <- 1.000000 L2(1) H(8) T2(1) T2(1) [1,3,,P][2,3,HH,P][1,4,HH,P][2,4,,P]
12 LCCD(1) <- 0.500000 L2(1) H(8) T2(1) T2(1) [1,3,H,P][2,3,H,P][1,4,H,P][2,4,H,P]

<latexit sha1_base64="yVEa4ZlKiqjIX+V80yeoMVVPN/g="></latexit>

(⌦2)
ij
ab =

@L
@�ij

ab
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formula 1operator A

operator B

formula 2

matrix element list A

integrals

matrix element list B

matrix element list C

operator C

optimized formula
contraction program

contraction kernel

solvers for
EVP, LEQ, 

nLEQ

import

expand products

symbolic manipulation

post-processing

symbolic algebra

numerical part

allocation

information 
(size, symmetry)

driver

store results

Organization of GeCCo – basic idea

now:



15

Towards numerical evaluation: Optimizations

Strength reduction → binary contractions

Common subexpression identification (recursive intermediate fact.)
not coupled here

Alternative: Pre-define intermediates (not automated)

<latexit sha1_base64="ix8gFv+Xt4Ph7ByvP5UMRN9ah9M="></latexit>X

cdkl

gcdkl t
ik
abt

jl
cd

<latexit sha1_base64="ZcbplafQNXyCkREFPCU0dq73XTk="></latexit>

=
X

k

⇣X

cdl

gcdkl t
jl
cd

⌘
tikab

<latexit sha1_base64="jv6cELFlvvZ7cEOkqA+X8j7BPxY="></latexit>

=
X

k

⇣
fk
j +

X

cdl

gcdkl t
jl
cd

⌘
tikab

<latexit sha1_base64="hBLAWZdbxMc5gVZOPYMvrE8kJFg="></latexit>X

k

fk
j t

ik
ab +

X

k

⇣X

cdl

gcdkl t
jl
cd

⌘
tikab

Optimized list of binary contractions
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Towards numerical evaluation: Tensor contraction kernel
<latexit sha1_base64="AZXeVr5Tqr2WUZzpxt6FLoDl4+U="></latexit>

Rij
ab  

X

kld

gjdkl t
ikl
abd

<latexit sha1_base64="lNPJt1slsZ4bxkZ74CkRL/5A5EQ="></latexit>

R(K0,L0) = A(C,K0)B(C†,L0)

<latexit sha1_base64="UfNDfoOANS1gjKT+hWBpLUHAcQc="></latexit>

A(K) ! A(C,K0)
<latexit sha1_base64="IhGTfxdGhg7uyFBZWjSNfrFwsLU="></latexit>

B(L) ! B(C†,L0)

<latexit sha1_base64="Y08ZclQQrzZHigHG6aj78Dx7ivI="></latexit>

R(K0,L0) ! R(I)

Address string is composed of substrings:
<latexit sha1_base64="iq3SThHs+hCh7f03n3kNLLqgz+I="></latexit>

K = Kc

H
Kc

P
Kc

V
Ka

H
Ka

P
Ka

V

Olsen, Roos, Jørgensen,  Jensen, JCP 89, 2185 (1988)

Kállay, Surján, JCP 115, 2945 (2001)

Generate unique flat index for substrings: 

String resolutions come with sign changes
and increased sparsity (unpacking):

General scheme:

0 + + +

- 0 + +

- - 0 +

- - - 0

<latexit sha1_base64="9jk/YL1Neh6mQ+pCd/hJfsfm3vE="></latexit>

(ij) !

Batched unpacking, use sparsity in outer loops, 
innermost loops use dgemm 

contraction indices

external indices
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Application examples

<latexit sha1_base64="WzOxdrOg2xzFFB6gcERZPUE5nXs="></latexit>

exp(T̂1 + T̂2 + T̂20)|�0i
<latexit sha1_base64="JCYbtq5yY/+veMmHnhwakt3bq/c="></latexit>

T̂20 =
X

i>j,k>l,↵>�

cijklh↵�|Q̂12f(r12)|kliâ↵�kl

a, b, …

x, y, …

i, j, … H

P

XComplete basis correctionF12 theory

“Full” CCSD-F12
AK, Richings, Tew, JCP 129, 201103 (2008)

Shiozaki, Kamiya, Hirata, Valeev, JCP 129, 071101 (2008)
AK, Tew, JCP 133, 174117 (2010)

Explicitly-correlated triple excitations
AK, JCP 130, 131101 (2009)
AK, JCP 133, 174118 (2010)

CCSD-F12 response theory
AK, JCP 130, 104104 (2009)

Hanauer, AK, JCP 131, 124118 (2009)

<latexit sha1_base64="RNSBfm7Hzw0Vi8HGFpDFvBnyoz0="></latexit>

exp(T̂1 + T̂2 + R̂+ [R̂, T̂1 + T̂2])|�0i



[F,H,Cl] global PES

F + HCl ⟶ Cl + HF 

Aoto, AK, PCCP 18, 30241 (2016) 
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Barrier height
Best estimate 1.21 kcal mol-1

+ Spin-Orbit 1.59 kcal mol-1

Previous work (MRCI) 3.8 kcal mol-1

RF RH

RCl

1E-11

k(
T

)/
cm

3
s-1

T-1/K-1
150-1200-1300-1400-1 250-1

Benchmarking transition metal bond energies

N

N
Fe

H

H

CASPT2

MRCC
160.0

180.0

200.0

220.0

240.0

260.0

280.0

300.0

320.0

340.0

360.0

None A B C D E Full

2nd Excitation

1st Excitation

E
xc

ita
tio

n
 E

n
e

rg
y 

/ 
kJ

 m
o

l−
1

Correlated region

CASSCF → CASPT2
CASPT2 → icMRCCSD

icMRCCSD → icMRCCSD(T)

Coughtrie, Giereth, Kats, Werner, AK, JCTC 14, 693 (2018)

Aoto, Lima Batista, AK, Oliveira-Filho, JCTC 13, 5291 (2017)

Larger systems by embedding

Application examples
Multireference coupled-cluster theory

| i = eT̂ | 0i = eT̂
X

µ

|�µicµ
<latexit sha1_base64="wklke1iPpzVfLPHFVT/Sr9ZIQwg="></latexit>

Evangelista, Gauss, JCP 134, 114102 (2011)
Hanauer, Köhn, JCP 134, 204111 (2011)

<latexit sha1_base64="KQHGKBZJC7pDPnm1s+xG7LrXWzk="></latexit>

| 0i =
X

tuvw

C(0)
tuvw{âtâuâvâw}|0i

Interesting features:

Spin-adapted, strong 
analogy to single-
reference theory, 
orbital invariance

But: Very complex eq.s
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Improving numerical evaluation: Translation
GeCCo’s numerics are not bad, but certainly not good enough for routine applications

Couple to a more efficient tensor evaluation framework: ITF (Knizia, Shamasundar, Kats)

Encode algorithm in meta-language

Uses intrinsic features of Molpro

integral-direct two-electron transformations

coupling coefficients and densities for internally 
contracted theories

tensor: R[aaii], !Create{type:disk; sym:01/23}, ResT2

.  .  .

for [k,j]:
.R[abkj] += K[abkj]

load K4E[abkj]
.R[abkj] += K4E[abkj]
drop K4E[abkj]

alloc C[abkj]
.C[abkj] += T[abkj]
.C[abkj] += t[ak] t[bj]
.R[abmn] += C[abkj] A[mnkj]
drop C[abkj]

Shamasundar, Knizia, Werner, JCP 135, 054101 (2011)
Kats, Manby, JCP 138, 144101 (2013)

Hand-written code
Some optimization by Ch. 

Köppl, PhD-thesis
<latexit sha1_base64="7I1xhfD4NJt0TiDn1RZNBLI1v94="></latexit>

1

2

X

cd

gcdab

⇣
tijcd + tict

j
d

⌘
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Improving numerical evaluation: Translation

Use pre-optimized sequence of binary contractions from GeCCO,
translate to ITF code

Main issues: GeCCo is spin-orbital string based

Must work out spin summation and explicit labels + signs

Black, Waigum, Adam, Shamasundar,  AK, JCP 158, 134801 (2023)

Post-processing to meet ITF syntax (declarations etc.)

Write new C++ driver code

Josh A. Black

Current status: Only CAS(2,2), only partial spin 
summation and no optimal factorization of non-linear 
terms

<latexit sha1_base64="nitN6jwiIUab8ps60Z0GP6SCVYc="></latexit>X

vw

�v
w

X

abi

gabiv t
iw
ab

<latexit sha1_base64="P0xLR2VYAh0YTMUOBlWWWmXUUVM="></latexit>X

vw

�v
w

X

abi

Kab
iv (2T

iw
ab � T iw

ba )
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Method (Impl.) Basis set Overhead [s] Time/iter [s] # iter

icMRCCSD (GeCCo) cc-pVDZ 56 42 20

cc-pVTZ 1282 441 21

icMRCCSD (ITF) cc-pVDZ 0.7 10 21

cc-pVTZ 3 68 20

cc-pV5Z 238 3872 20

icMRCC/CEPA (ITF) cc-pVTZ 3 5 31

cc-pV5Z 237 251 31

CCSD (Molpro) c-pVTZ 1 1.7 16

cc-pV5Z 190 142 16

#bf: 104 (cc-pVDZ), 236 (cc-pVTZ),  766 (cc-pV5Z)

C

C

C

C

C

C

H H

H

H

Performance
integral trafo + resort

Approximation with 
linearization of “difficult 
terms” (many active space 
indices)

Parallelization: Too granular code 
currently, embarrassingly parallel 
tasks (Gradients, Hessian) work well

Black, Waigum, Adam, Shamasundar,  AK, JCP 158, 134801 (2023)

singlet state
CAS(2,2)
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Future aims

GeCCo → Lizard

More modularity (or: less monolithic) 
     (interfaces to other term generators, 
 other tensor contraction kernels)

Generalization of index spaces (e.g. for tensor decompositions)

More global representation of terms (expression trees)

Robert AdamGoals: Term generation features of GeCCo + code generation 
for tensor engines

Python interface for input control and fast prototyping

github.com/KoehnLab/Lizard

Improvements, like:

New treatment of index permutations
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Future aims
In fact there are many related projects (Quantum Chemistry focus, as collected by Robert):

• Early work by Janssen & Schaefer [1]

• TCE (Hirata et al. [2])

• SMITH (Shiozaki et al. [3])

• ACE (Song et al. [4])

• MRCC (Kállay et al. [5])

• Orca-AGE (Krupika et al. [6])

• GeCCo (Köhn et al. [7])

• SeQuant (by Valeev group)

• drudge (Zhao [8])

• Cadabra (Peeters [9]; v2: Peeters [10])

• Datta & Gauss [11]

• MacLeod & Shiozaki [12]

• ITF (Molpro [13])

• squant (Kats)

• SIAL (ACES III [14])

• CTF (Solomonik et al. [15])

• libtensor (Epifanovsky et al. [16])

• tiledarray (Peng et al. [17])
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Future aims

Brainstorming: How could we all better interact?

Some standard(s) to store generated equations? 

Some API standard(s) for tensor contraction engines? 

Review paper on best practices?
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